Within the Standard Model, the weak interaction of quarks and leptons is characterized by certain symmetry properties, such as maximal breaking of parity and favored helicity. These are related to the V − A structure of the weak interaction. These characteristics were discovered by studying correlations in the directions of the outgoing leptons in nuclear beta decays. Presently, cor- *
Since their discovery, nuclear β decays have been used as heralds of new physics. The existence of the neutrino was conjectured by Pauli, using the continuous spectrum of the electron. Later, experiments emphasized the study of the kinematics of β decays, in particular the angular correlation between the directions of the emitted β particle, i.e., electron or positron, and the neutrino (ν) (or, equivalently, the recoiling nucleus) [1] . In particular, the famous Wu experiment [2] has proven the breaking of parity symmetry. In recent years, several experiments are using precision measurements of the β-ν angular correlation coefficient in the decay of the short-lived radio-nuclides (see e.g. [3, 4, 5, 6, 7] and references therein). These experiments search for the minute experimental signal that originates from possible tensor or scalar terms in the weak interaction. Such scalar or tensor terms modify the angular correlation between a neutrino and an electron in the beta-decay process, thus probing new physics of beyond-the-standard-model (BSM) nature [8, 9] . Present limits on possible deviations from the standard model predictions are of the order of 0.1 − 1% [5, 7, 10] , broadly yielding a limit on the scale of new physics of the order of ∼ 1 − 10 TeV [11, 12] . The latter limits originate in analysis of β-decays, assuming BSM couplings to left handed neutrinos, and become significantly worse for right handed neutrinos.
Precision measurements which are based on correlations of the emitted leptons have several disadvantages. In particular, most modern experiments make use of trapped ions or atoms in order to characterize the kinematics. The use of traps allows a significant reduction in the systematic uncertainties enabling precise correlation experiments. This limits the number of possible radio isotopes, as trapping is efficient for relatively short times. Additionally, complex detection and analysis schemes are required for the extraction of the correlations [8, 13] . Current experiments mostly study allowed β-decays, where constraining separately right handed and left handed couplings is currently out of reach, due to inconsistencies in the energy averaging (See Ref. [14] for details).
Here, we propose a novel probe for beyond the standard model couplings, the energy spectrum of β decays that are characterized by transitions in which the total angular momentum in the daughter and mother nuclei differ by ∆J = 2 units, as well as by change in parity. These decays are commonly known as unique first-forbidden decays. Such measurements are potentially simpler than a precise determination of the β-ν correlation coefficient, demand neither trapping nor cooling, and require a single observable to characterize. Additionally, a measurement of the full β spectrum, is less amenable to detector calibration and resolution issues, which plague beta endpoint measurements. More importantly, they provide constraints on exotic couplings and thus allow identifying systematic errors, a valuable feature for precision studies.
In order to show the difference between allowed and unique first-forbidden decays, it is convenient to write the general differential distribution of β-electron (positron) of energy , momentum k and direction β = k , and neutrinoν(ν) of momentum ν in a β ∓ decay process, as follows:
With q = k + ν is the momentum transfer in the process. Σ( ) is a nuclear independent part, related to the electrostatic interaction between the β particle and the decaying nucleus,
with G the Fermi constant, J i is the total angular momentum of the decaying (mother) nucleus, ∆J is the difference between the angular momenta of the mother and daughter nuclei, Z f is the charge of the daughter nucleus, and 0 =
[15] is the maximum electron energy (m e and m r are electron and daughter nucleus masses, respectively, Q is the decay Q-value). The deformation of the lepton wave function due to the long-range electromagnetic interaction with the nucleus is taken into account in the Fermi function
decay [16, 17] ,
with α ≈ 1/137 the fine structure constant, R f the radius of the final nucleus, ρ = ∓αZ f /β f (β f is the momentum to energy ratio of the β particle), and
Assuming the Standard Model (V − A) coupling, the second term in Eq. (1), i.e., the function Θ(q, β ·ν), depends on the nuclear wave functions, and is usually written using a multipole expansion [18] ,
where, Ô J , is the reduced matrix element of a rank J spherical tensor operatorÔ J , between the daughter and mother wave functions.
The multipole operator decomposition of the nuclear current, viz. the Coulomb, electric, magnetic, and longitudinal operators:
whereĴ µ ( x) is the nuclear current coupling to the probe. For β-decays, which are characterized by a low-energy transfer qR 1, further simplification is possible expanding in this small parameter. For example, for allowed β-decays
where m e is the electron mass. This is accurate up to (recoil) corrections of order qR. The V − A structure of the weak interaction entails a βν = − 1 3 and b = 0. In the presence of beyond standard model interaction with tensor symmetry
, and b = 2
is the relative strength of the tensor (pseudo-tensor) and the axial-vector interactions 1 . Thus, β-ν correlation measurements are sensitive to interactions of exotic, e.g., tensor, symmetries. However, the β energy spectrum form shows sensitivity only to the Fierz interference term b, since
1 For simplicity, we assume here real couplings, i.e., time reversal symmetry
The Fierz term is linear in the exotic couplings, while a βν is quadratic. In addition, the Fierz term vanishes for right-handed neutrinos, for which C T = −C T . As a result, allowed β decay measurements are better able to constrain the combination C T + C T . Moreover, current experiments cannot fit separately both a βν and the Fierz term (even when including a non-zero Fierz term in the analysis) [14] , due to the fact that the correlation and Fierz terms have different recoil momentum dependence. This, however, is not the case for a first forbidden unique transition, where a different result is obtained (see, e.g., [20] ),
The last term linearly depends on ν ·k 2 . As a result, integration over angles,
i.e., the energy spectrum of the decay, is sensitive to beyond the standard model tensor interactions, and can be used to probe them. Moreover, a full spectrum measurement enables a simultaneous extraction of C T + C T and C T − C T is possible, allowing studies of right and left handed neutrino couplings. Theory related systematic corrections-In the derivation of Eq. 11, we have used an expansion in qR. The neglected recoil corrections terms compete with signatures of tensor and/or other beyond the standard model contributions. In order to estimate the recoil corrections, let us write the decay rate of a unique first-forbidden decay up to the next-to-leading order in the parameter qR (assuming no tensor terms):
with,
where the superscript A (V ) denotes multipole operators calculated with the axial-vector (polar-vector) symmetry contribution to the weak nuclear current.
Ordering the multipoles by their qR dependence, we see thatL , we find an additional suppression factor of 5. An important aspect for estimating the neglected recoil corrections, originates in the fact that the nuclear weak current can be organized perturbatively using chiral effective field theory. We keep only leading and next-to leading order. To this order, the weak probe interacts with a single nucleon, such that:
is the isospin lowering operator, that turns a neutron into a proton, has temporal and spatial parts in momentum space:
where P = p i +p i , g A ≈ 1.27 is the axial constant, and κ V ≈ 4.70 is the nucleon magnetic moment. We notice that the polar-vector part of the charge operator and the axial-vector part of the current operator are of leading order, while the axial-vector charge and the weak magnetic current are sub-leading, suppressed by the nucleon mass. This leads to an additional suppression of the correction terms by a factor 3 − 5. As a result, these corrections are naturally of the order of 0.2−0.4% compared to the leading terms, and can be easily calculated, albeit introduce a dependence on a nuclear model. A different source of theoretical corrections are radiative and relativistic corrections to the decay process. In allowed beta decays, decay probability and spectrum are affected by radiative corrections of a few permille [21, 22, 23] . One expects similar effects in first-forbidden unique beta decays [22] . We note that radiative corrections to the spectrum shape are small, as the shape is only sensitive to ratios of matrix elements. This is similar to the β asymmetry parameter in allowed β decay, where the radiative corrections are of the order of 10 −4 [24, 25] . Fully relativistic treatment of the spectrum can affect the shape of the spectrum, up to a per-mill level, and will be calculated in the future [26] .
Thus, these theoretical arguments suggest that the naïve expression of Eq. 11 is expected to be accurate to a few per-milles. Including radiative and recoil corrections is expected to allow a theoretical prediction accurate to ≈ 10 −4 . Experimental sensitivity -In order to estimate the experimental sensitivity to BSM physics we simulate a first forbidden unique energy spectrum (containing 10M events), using an endpoint energy of 3.5MeV. In order to account for experimental uncertainty in the β energy measurement we introduce resolution effects of 20 keV to each of the simulated events. The theoretical β energy spectrum can be calculated from integration over all angles in Eq. 11, to obtain:
where a = 2kν/(k 2 + ν 2 ). A Bayesian analysis, using the JAGS framework [27] is then performed on the recorded spectra to extract the endpoint energy, overall normalization, and the two BSM parameters. Since C T and C T are fully correlated we parametrize the BSM contribution on the uncorrelated parameters (C T + C T )/C A and (C T − C T )/C A . Figure 1 shows the results from 3 such analyses, corresponding to no BSM couplings (C T = C T = 0, Fig. 1(a) ), weak left handed coupling (C T /C A = C T /C A = 0.005, Fig. 1(b) ), and strong right handed coupling (C T /C A = −C T /C A = 0.2, Fig. 1(c) ). Note that the case of fully right handed couplings cannot be detected in spectrum measurements of allowed decays, since in that case b = 0. Also note the reduced sensitivity to the right handed case, which arises due to quadratic dependence on C T − C T .
In addition to resolution effects, energy calibration effects may also play a role in the extraction of the spectrum. We performed the same analysis using an energy calibration offset of ±0.5%, no effect was observed for the extracted parameters. We note that energy calibration errors are significant when measuring endpoint energies, where the spectral shape is not parametrized. In the case of a measurement of the full spectrum, it is the resolution effects (which move events between energy bins in a non-trivial manner) that play an important role. We further note that since the endpoint energy does not depend on the exact shape of the spectrum an additional constraint may be imposed in the fitting procedure by using measured endpoint energies.
In conclusion, we have proposed the β-spectrum of unique first-forbidden decay as a novel probe for beyond the standard model couplings in the weak interaction. Analyzing possible systematic uncertainties demonstrates that such studies may surpass the accuracy level of correlation measurements in allowed β decays, and, contrary to allowed β decays, enable simultaneous extraction of exotic tensor couplings to both right and left handed neutrinos in an uncorrelated manner. Of course, the use of a different experiment to study BSM couplings allows the examination of systematic uncertainties in the experiments, particularly essential in precision studies of such minute effects. Our initial study shows that similar results are expected in other forbidden decays.
First-forbidden unique decays are abundant in nature [28] , vary in Q-values, and are amenable for precision spectra measurements, e.g., as studied in antineutrino mass effects on the endpoint of the first forbidden unique decay of 187 Re [29, 30] , or in search for hints Lorentz violation in the decay rate [31] . Thus, our prediction increases significantly the number of relevant experiments searching BSM effects, and in particular the dimension six tensor type corrections. One such potential measurement which may be carried out is the beta decay of 90 Y, with an endpoint energy of ∼2.3 MeV, and may be easily produced via the 90 Zr(n,p) reaction in copious amounts. 
